*Hordeum* L., belonging to the economically important grass tribe Triticeae, consists of about 33 species including cultivated barley, *H. vulgare*. The species are disjunctly distributed in arid and temperate areas of the Northern Hemisphere, South America, and South Africa ([@B9]; [@B6]; [@B8]). With nearly half of the species being polyploids (tetra- and hexaploids), including allo- and autopolyploids, the genus *Hordeum* is a good model to study speciation through polyploidization. However, even after 50 years of research in species relationships, the phylogeny of the genus is still not completely resolved (for a review, see [@B7]). Recently, a consensus seems to have emerged for the relationships among diploid *Hordeum* taxa from the analysis of multilocus data sets ([@B7]; [@B64]), although analyses including multiple individuals per species are still rare. For the polyploids, most of the phylogenetic studies published to date have been aimed at resolving the relationships of only a few polyploid taxa ([@B77]; [@B66]; [@B86], [@B87]; [@B6]; [@B37]; [@B35]; [@B88]) or used only single DNA marker regions to analyze all polyploid taxa ([@B5]; [@B10]). Thus, a comprehensive data set including all species with multiple individuals and multiple loci, which is necessary to arrive at a good hypothesis of relationships, is still lacking.

Studies on polyploid taxa are generally impeded by the complex evolution of these organisms, involving recurrent formation ([@B11]; [@B83]), gene loss or retention ([@B5]; [@B44]; [@B12]), and homoeologous recombination ([@B19]; [@B10]; [@B93]). Chloroplast DNA is usually maternally inherited in angiosperms ([@B73]) and therefore not able to detect hybridization events. They can, however, be used to identify the direction of hybrid speciation in polyploids, that is, to determine maternal parents ([@B18]; [@B58]). Also the often employed nuclear ribosomal DNA region might result in effectively uniparental inheritance due to its peculiar mode of evolution with homogenization of tandem repeats ([@B2]; [@B5]) or the loss of entire rDNA clusters ([@B44]). As an alternative approach, low- or single-copy nuclear loci have been proposed as a source of phylogenetic information and for improving resolution and robustness in comparison to plastid and ribosomal DNA ([@B78]; [@B82]), particularly if polyploid taxa are studied ([@B79]). Low-copy nuclear markers also have some disadvantages; there are no universal PCR primers available that are applicable in all plant groups, and additional costs and lab work arise due to the necessity of cloning PCR amplicons prior to sequencing ([@B90]). Single-molecule PCR ([@B53]) or using homoeolog-specific primers ([@B66]) are alternatives to cloning when working with polyploids, but require intensive lab work and/or *a priori* knowledge of the allele diversity at the analyzed loci.

Another disadvantage of nuclear loci is their potential discordance with each other. Incongruences between gene trees, and eventually with the species tree, have been long recognized ([@B63]), as have the processes from which they may arise (reviewed in [@B51]; [@B23]). A simple method to integrate phylogenetic information of multiple loci consists in concatenating the different sequences to obtain an average phylogeny. However, it has been shown that this method can lead to overconfidence in incorrect species trees ([@B45]; [@B23]). New methods accounting for the stochastic history of genes have since been developed, among them are Bayesian concordance analysis (BCA) and the multispecies coalescent (MSC) method ([@B17]; [@B28]).

Here we present an analysis that is based on 12 nuclear loci, distributed on six of the seven barley chromosomes, and one chloroplast region. Eight of the nuclear loci were newly explored for phylogenetics and are derived from rice genes ([@B32]), while four genes had previously been used ([@B64]; [@B10]). Initially, we started out with a higher number of genes and then removed loci that did not easily amplify, were not single copy, or comprised motifs that turned out to be problematic to sequence. All species were included with one to four individuals per species to additionally sample part of the intraspecific diversity. Taking advantage of next-generation sequencing (NGS) technologies including barcoding ([@B57]) and *in silico* cloning of multiplex-sequenced DNA fragments, we present here an extension of the method described in [@B25]. In contrast to [@B25], our approach allows sequencing PCR amplicons of a large size (the longest sequence had a length of 3500 base pairs \[bp\]) not specifically designed to fit the read length of the employed NGS platform. Furthermore, we propose a method to disentangle reads from different genomes in a contig. Phylogenetic analyses were conducted on single loci and concatenated data from all loci. A dated species tree was inferred from the MSC from multiple gene trees. Due to the lack of fossils for the tribe Triticeae, calibration points were taken from [@B54] who used four Pooideae fossils and a chloroplast data set for 92 representatives of Pooideae to determine the age of the *Brachypodium* stem node that was further used to infer the crown-group age of the Triticeae based on 275 gene phylogenies. We also inferred incongruences between gene trees. These approaches allowed us to explore the allelic diversity simultaneously at numerous loci in multiple individuals to retrieve the phylogeny of the genus *Hordeum* and infer relationships between diploid and polyploid taxa and cytotypes. Also, the efficiency of multilocus phylogenetic methods in the presence of incomplete lineage sorting (ILS) and hybridization could be tested.

M[aterials and]{.smallcaps} M[ethods]{.smallcaps}
=================================================

Plant Materials
---------------

We included 105 individuals representing all 33 species and most subspecies of the genus plus 1--2 individuals from each of five diploid Triticeae species outside *Hordeum* plus *Bromus* as out-groups ([Table 1](#T1){ref-type="table"}). For genome nomenclature in *Hordeum*, we follow [@B7], with the **H** genome occurring in *H. vulgare* and *H. bulbosum*, the **Xu** genome in *H. murinum*, the **Xa** genome in *H. marinum* and *H. gussoneanum* while all the remaining species have the **I** genome. Included individuals (Supplementary Table S1 available on Dryad at <http://dx.doi.org/10.5061/dryad.fn2nt> were chosen to reflect the intraspecific diversity observed in *TOPO6* ([@B10]). Herbarium vouchers of the analyzed materials were deposited in the herbaria of the IPK Gatersleben (GAT) or the Museum of Natural History, Buenos Aires (BA).

###### 

Taxa included in the study

  Taxon                                                             Ploidy level (N)^a^      Haploid genome     Distribution area
  ----------------------------------------------------------------- ------------------------ ------------------ ------------------------------------------
  ***Hordeum* subgenus *Hordeum***                                                                              
   **Section *Hordeum***                                                                                        
   *H. vulgare* L.                                                                                              
    subsp. *spontaneum* (C.Koch.) Thell.                            2x (2)                   **H**              SW Asia
   *H. bulbosum* L.                                                 2x (1), 4x (3)           **H, HH**          Mediterranean to C Asia
  **Section *Trichostachys* Dum.**                                                                              
   *H. murinum* L.                                                                                              
    subsp. *glaucum* (Steud.) Tzvel.                                2x (2)                   **Xu**             Mediterranean to C Asia
    subsp. *murinum*                                                4x (2)                   **XuXu**           NW Europe to Caucasus
    subsp. *leporinum* (Link) Arc.                                  4x (2), 6x (1)           **XuXu, XuXuXu**   Mediterranean to C Asia
  ***Hordeum* subgenus *Hordeastrum* (Doell) Rouy**                                                             
   **Section *Marina* (Nevski) Jaaska**                                                                         
   *H. gussoneanum* Parl.                                           2x (2), 4x (2)           **Xa, XaXa**       Mediterranean to C Asia
   *H. marinum* Huds.                                               2x (2)                   **Xa**             Mediterranean
  **Section *Stenostachys* Nevski**                                                                             
   **Series *Sibirica* Nevski**                                                                                 
   *H. bogdanii* Will.                                              2x (3)                   **I**              C Asia
   *H. brevisubulatum* (Trin.) Link^b^                              2x (5), 4x (4), 6x (3)   **I,II, III**      C Asia
   *H. roshevitzii* Bowden                                          2x (2)                   **I**              C Asia
  **Series *Critesion* (Raf.) Blattner**                                                                        
   *H. californicum* Covas & Stebb.                                 2x (3)                   **I**              SW California
   *H. chilense* Roem. & Schult.                                    2x (2)                   **I**              Chile and W Argentina
   *H. comosum* Presl                                               2x (3)                   **I**              S Argentina
   *H. cordobense*Bothmer et al.                                    2x (2)                   **I**              C Argentina
   *H. erectifolium* Bothmer et al.                                 2x (1)                   **I**              C Argentina
   *H. euclaston* Steud.                                            2x (3)                   **I**              C Argentina, Uruguay
   *H. flexuosum* Steud.                                            2x (1)                   **I**              E+C Argentina
   *H. intercendens* Nevski                                         2x (3)                   **I**              SW California, NW Mexico
   *H. muticum* Presl                                               2x (2)                   **I**              C to N Andes
   *H. patagonicum* (Haum.) Covas^b^                                2x (3)                   **I**              S Argentina
   *H. pubiflorum* Hook.f.^b^                                       2x (2)                   **I**              S Argentina
   *H. pusillum* Nutt.                                              2x (2)                   **I**              C+E USA
   *H. stenostachys* Godr.                                          2x (2)                   **I**              C Argentina
   *H. depressum* (Scribn. & Sm.) Rydb.                             4x (2)                   **II**             W USA
  Interserial allopolyploids of series *Critesion* and *Sibirica*                                               
   *H. brachyantherum* Nevski                                       4x (2)                   **II**             W North America, Kamchatka, Newfoundland
   *H. fuegianum* Bothmer et al.                                    4x (2)                   **II**             S Argentina, S Chile
   *H. guatemalense* Bothmer et al.                                 4x (1)                   **II**             Guatemala, S Mexico
   *H. jubatum* L.                                                  4x (2)                   **II**             NE Asia, NW+W North America, C Argentina
   *H. tetraploidum* Covas                                          4x (4)                   **II**             C Argentina
   *H. arizonicum* Covas                                            6x (3)                   **III**            SW USA
   *H. lechleri* (Steud.) Schenk                                    6x (3)                   **III**            C+S Argentina
   *H. parodii* Covas                                               6x (3)                   **III**            C Argentina
   *H. procerum* Nevski                                             6x (2)                   **III**            S Argentina
  **Section *Nodosa* (Nevski) Blattner**                                                                        
   *H. brachyantherum* Nevski                                       6x (1)                   **IIXa**           C California
   *H. capense* Thunb.                                              4x (2)                   **IXa**            S Africa
   *H. secalinum* Schreb.                                           4x (2)                   **IXa**            Mediterranean to W Europe
  **Out-group species**                                                                                         
   *Eremopyrum triticeum* (Gaertn.) Nevski                          2x (1)                   **FXe**            
   *Dasypyrum villosum* (L.) Candargy                               2x (2)                   **V**              
   *Taeniatherum caput-medusae* (L.) Nevski                         2x (1)                   **Ta**             
   *Triticum monococcum* L.                                         2x (1)                   **A**^**m**^       
   *Secale vavilovii* Grossh.                                       2x (1)                   **R**              
   *Bromus* *tectorum* L.                                           2x (1)                                      
   *Brachypodium distachyon* (L.) P.Beauv. ex J.Presl. & C.Presl.   2x (1)                                      

^a^Number of individuals included per species or cytotype.

^b^Species with subspecies not further detailed here.

Molecular Methods
-----------------

Genome size and ploidy level of the *Hordeum* individuals were initially verified by flow cytometry according to [@B39]. Genomic DNA was extracted from approximately 10 mg of silica gel-dried leaves with the DNeasy Plant Mini Kit (Qiagen) according to the protocol of the manufacturer. DNA quality and concentrations were checked on 1% agarose gels.

To arrive at PCR primers amplifying putative single-copy regions in *Hordeum*, the PCR-based Landmark Unique Gene (PLUG) system ([@B33]) was used. It consists of mapped single-copy rice genes, which were used to detect conserved regions in wheat expressed sequence tag (EST) sequences, and map orthologous loci to the three genomes of bread wheat ([@B32]). The PLUG database (<http://plug.dna.affrc.go.jp/>, last accessed June 19, 2015) was screened for rice landmark loci with unique mapped orthologs in wheat and barley. PCR primers different from the suggested PLUG primers were designed in conserved exons with the intention to amplify regions of ∼2000 bp and spanning one or several introns from all seven *Hordeum* chromosomes. The target regions thus resulted in larger amplicons in comparison to the PLUG markers, which have an average length of 951 bp ([@B32]). Initially, 24 loci were PCR-screened with diploid representatives of the four genomes occurring in *Hordeum*. PCR products were checked on 1.4% agarose gels and numbers and sizes of the amplicons were determined. Finally, ten loci producing single fragments were chosen.

Including six already published loci, a total of two chloroplast and 14 nuclear loci were amplified by PCR (Supplementary Table S2). PCR amplifications for all loci were performed in 30 $\mu\text{l}$ reaction volume containing approximately 10--50 ng of genomic DNA, 1x Phusion HF Buffer, 0.2 mM each dNTP, 0.5 $\mu$M of each primer, and 1 U Phusion Hot Start DNA polymerase, a proofreading enzyme (Finnzymes OY). The amplification program consisted of initial denaturation for 3 min at 98 °C, followed by 35 cycles of 30 sec at 98 °C, 1 min at 59 °C, 1 min at 72 °C, and a final extension of 10 min at 70 °C. Variations of this protocol with regards to the primer annealing temperatures for each locus are summarized in Supplementary Table S2. PCR amplification of one chloroplast region, *ndh*F, failed in more than a third of the individuals and thus *ndh*F was not included in the following steps.

Two sequencing approaches were used: (i) The amplicons of 96 individuals (all ploidy levels) were 454 sequenced. (ii) Amplicons of eight diploid individuals and one autotetraploid (*H. bulbosum* F2142) were cloned and eight clones per individual were sequenced following [@B10]. The cloned amplicons were used as a control for the NGS approach and to provide reference sequences for assembling of 454 reads. All amplicons were purified using NucleoFast 96 Spin Plates (Macherey-Nagel) according to the protocol of the manufacturer and eluted in 20 $\mu\text{l}$ of TE buffer.

For the NGS set, the concentrations of each amplicon were quantified using a Quant-iT Picogreen dsDNA (Molecular Probes) assay with a standard curve ranging from 1.25 pg/$\mu$L to 40 pg/$\mu$L. Fluorescence at 520 nm was measured on a Tecan Infinite M200 plate reader. The quantification of each amplicon was replicated three times and the average value was used to calculate the concentration of each sample.

Library preparation was performed as described in [@B57] with the modifications defined below. For each individual, all amplicons were pooled in roughly equimolar ratio with a total amount of 1.5 $\mu$g of DNA in a reaction volume of 130 $\mu\text{l}$. Each pool was sheared from 700--2500 bp to a targeted size of 500--1000 bp via sonication in a microTUBE using a Covaris S220 (Covaris).

For barcoding, we used 7-nucleotide barcodes differentiated from each other by at least two substitutions on a maximum of 400 ng of DNA per individual to limit chimera formation. Tagging efficiency was verified by comparing the lengths of an untagged and a tagged fragment of a known size (200 bp) on a 2% agarose gel.

The tagged samples were quantified using a Quant-iT Picogreen dsDNA (Molecular Probes) assay as described earlier. After a sequencing trial of a diploid (*Hordeum bogdanii* BCC2070) and a hexaploid individual (*H. arizonicum* BCC2054), we decided to standardize the DNA input according to the ploidy of the individuals in order to achieve sufficient coverage for the different alleles of the polyploids. Hence, twice the DNA amount of a diploid was used for a tetraploid and three times for a hexaploid individual.

All individually tagged sheared fragments were pooled, concentrated using MinElute PCR purification kit (Qiagen) and loaded on a SYBR Safe (Invitrogen) stained 1.5% agarose gel for size selection. The part of the gel lane comprising the fragments between 500 and 1000 bp was cut and DNA was extracted and purified using NucleoSpin Gel Clean-up (Macherey-Nagel) according to the manufacturer\'s protocol. DNA concentration of the pool was determined using a Qubit High Sensitivity (Invitrogen) assay. The quality of the pool was also checked using an Agilent High Sensitivity Chip assay. The DNA pool was dephosphorylated using the FastAP Thermosensitive Alkaline Phosphatase (Fermentas) and cut using the *Srf*I restriction enzyme, leaving the 5′ phosphates free for the ligation of universal adapters for sequencing. To assess the efficiency of adapter ligation and quantify DNA concentration a quantitative PCR was performed as described in [@B56] using the emPCR primers.

The pool of DNA fragments from 96 individuals was sequenced in a single run on Roche\'s 454 sequencing platform using a PicoTiterPlate and the GS FLX Titanium XL+ chemistry to obtain long reads (up to 1000 bp) facilitating the identification of alleles and homoeologues. With an estimated length of 16 kbp amplicon lengths per haploid genome and 2- and 3-fold this amount for the polyploids and considering a typical output of 700 Mbp for a 454 run, we calculated that on average 270-fold coverage should be reached.

Quality Control and Haplotype Phasing
-------------------------------------

Barcode deconvolution, that is, sorting fragments according to the single individuals, was performed with a custom script in P[erl]{.smallcaps}, and the online tool T[ag]{.smallcaps}C[leaner]{.smallcaps} ([@B80]) was used to detect and trim adapters and barcodes. G[eneious r6.1]{.smallcaps} (Biomatters Ltd.) was used for quality control and downstream analyses. All alignments were performed in G[eneious]{.smallcaps} using M[afft]{.smallcaps} 6.814b ([@B41]; [@B42]) with the E-INS-i algorithm (with default settings) and manually checked. First, the sequences obtained from the diploid individuals via cloning were used to map the reads obtained from NGS with the High Sensitivity parameter (maximum mismatches at 40%) available in G[eneious]{.smallcaps}. For loci with large insertions/deletions (indels) relative to the reference sequences, an iterative procedure was used to assemble the reads to one of the primer sequence until the second primer-binding site was retrieved. To check for potential extra copies all the reads were remapped to the loci obtained via this initial method with High Sensitivity. Each assembly was then carefully inspected, especially regarding the coverage profile and the presence of single nucleotide polymorphisms (SNPs), trimmed and a consensus sequence was created.

Assemblies for the polyploids contained a mixture of reads belonging to the different homoeologues. To disentangle these copies we used an *ad hoc* method consisting of *de novo* assembling of the reads mapped to a particular locus with Low Sensitivity (\<10% mismatches allowed). This created a set of smaller assemblies with a more homogenous read content. The assemblies with the most reads (more than 20) were carefully checked for coverage and SNP presence, and their consensuses aligned together to identify the different copies. Homoeologous copies were identified as unique combinations of SNPs. Two copies were expected for the tetraploids and three for the hexaploids. Finally, all the reads were mapped simultaneously, with Medium Sensitivity (20% mismatches), to confirm the different copies. To verify this method we compared the outcome with results obtained using N[ext]{.smallcaps}A[llele]{.smallcaps}, a script for haplotype phasing for NGS data described in [@B61], on a tetraploid individual (*H. depressum* BCC2047). Although the method was not designed for polyploids, the results were completely concordant due to the heterozygous-like behavior of the tetraploids. It appeared, however, that N[ext]{.smallcaps}A[llele]{.smallcaps} was sensitive to the ratio between the reads corresponding to the two genomes resulting in ambiguities at the SNPs when this ratio departed from 50%, and, as expected, it could not deal with hexaploid individuals because of its limitation to two alleles. The single-copy status and the location of all nuclear loci were checked by blasting the sequences obtained for *H. vulgare* against its genome database (<http://webblast.ipk-gatersleben.de/barley/viroblast.php>, last accessed 19/06/2015; The International Barley Genome Sequencing Consortium 2012).

Phylogenetic Analyses
---------------------

To infer the phylogeny of *Hordeum* we adopted the following analysis approach consisting of nine steps. After aligning the sequences from all loci, (i) models of sequence evolution were determined for each locus. Gene trees were calculated for each locus with (ii) the sequences derived from the diploid taxa by Bayesian phylogenetic inference (BI), and (iii) sequences from all diploid plus, consecutively, single polyploid individuals were clustered by neighbor-joining analysis to determine phylogenetic affiliation (phasing) of the homoeologous gene copies found in polyploid taxa. Concatenated sequences from all loci (supermatrices) were used for BI of (iv) diploid and (v) diploid plus phased homoeologs of polyploid taxa. (vi) A MSC-based analysis was conducted to infer species trees from gene trees for the diploid individuals. (vii) To date nodes within the *Hordeum* phylogeny a molecular clock approach was conducted together with the MSC. (viii) A BCA was conducted on the diploid taxa to estimate gene tree incongruences. Finally, (ix) chloroplast *mat*K sequences were analyzed by BI to detect the maternal lineages in allopolyploids. These analysis steps are detailed below.

### Model of sequence evolution

The best-fitting model of sequence evolution for each locus was identified with [j]{.smallcaps}M[odel]{.smallcaps}T[est]{.smallcaps} 2.1.4 ([@B26]; [@B16]) using default parameters. The best partitioning scheme for the concatenated nuclear loci was identified with P[artition]{.smallcaps}F[inder]{.smallcaps} 1.1.1 ([@B46]) using the greedy algorithm. In both cases the Bayesian information criterion (BIC, [@B81]) was used for model choice because of its high accuracy ([@B16]) and its tendency to favor simpler models than the Akaike information criterion ([@B69]). The preferred partitioning scheme and models of evolution are summarized in [Table 3](#T3){ref-type="table"}.

### Homoeologue identification

Homoeologous copies in polyploid individuals were identified from clustering of the sequences derived from polyploids with those derived from diploid taxa. For each locus and each polyploid species separately the copies from the different individuals were aligned with the sequences obtained from the diploid taxa. The neighbor-joining (NJ) method ([@B76]) with HKY distances ([@B27]) was used to build a tree with 100 bootstrap replicates (not shown) in G[eneious]{.smallcaps} using the Geneious Tree Builder option, as initial tests showed that NJ was able to safely discern and place copies and resulted in similar topologies as BI. The closest neighbor of the polyploids\' sequences were identified and coded (A, B, or C) in the same way across the 12 different loci, and sequences were concatenated according to the designation as A, B, or C copies. When more copies than expected were retrieved, all sequences were included in the phylogenetic analysis per locus (diploids and polyploids) and a consensus sequence was created for the one clustering in the same clade, while the most distant copies (compared to the other individuals) were excluded from the supermatrices and the MSC-based analysis. From the prior knowledge acquired during the analysis of *TOPO6* ([@B10]), we included the sequences of tetraploid *Hordeum jubatum*, which is assumed to be one of the parents of the American hexaploids, when analyzing the sequences from hexaploid species.

### Bayesian phylogenetic inference

All BI analyses were performed in M[r]{.smallcaps}B[ayes]{.smallcaps} 3.2.2 ([@B75]) using the models and partitioning inferred by [j]{.smallcaps}M[odel]{.smallcaps}T[est]{.smallcaps} and P[artition]{.smallcaps}F[inder]{.smallcaps}. Each analysis consisted of two independent analyses each running four sequentially heated chains (temperature set at 0.05) for 10 million generations and sampling a tree every 1000 generations. Convergence of the runs was assessed in T[racer]{.smallcaps} 1.5 ([@B71]) and the online application A[wty]{.smallcaps} ([@B60]), which plots posterior probabilities of clade support values for both runs against each other. The first 25% of sampled trees were discarded as burn-in and a consensus tree was computed in M[r]{.smallcaps}B[ayes]{.smallcaps}. For the supermatrix analyses with all loci concatenated, the data matrix was partitioned applying the respective model of sequence evolution for each locus/partition.

Sequences derived from all loci were first analyzed for just the diploid individuals using the following approaches: (i) all sequences belonging to single loci were analyzed separately in M[r]{.smallcaps}B[ayes]{.smallcaps} to infer locus phylogenies (gene trees); (ii) the trees sampled from the M[r]{.smallcaps}B[ayes]{.smallcaps} analyses were analyzed with BUCK[y]{.smallcaps} 1.4.2 to obtain concordance factors (CF) for all clades; (iii) the sequences from all loci were concatenated (supermatrix) and analyzed in M[r]{.smallcaps}B[ayes]{.smallcaps} with partitions for all loci applying their respective models of sequence evolution. On a data set reduced to all *Hordeum* species plus *Dasypyrum villosum* and *Brachypodium distachyon*, (iv) the MSC was generated with \*B[east]{.smallcaps} ([@B28]) as part of the cross platform B[east]{.smallcaps} 1.8.1 ([@B20]; [@B22]).

### Incongruences between gene trees

Concordance among gene trees was estimated with BUCK[y]{.smallcaps} 1.4.2 ([@B3]; [@B47]) on the diploids plus *D. villosum*. CF can be interpreted as the proportion of loci supporting a specific topology ([@B3]; [@B4]). BUCK[y]{.smallcaps} computes the CF for all potential topologies supported by the loci and provides a primary concordance tree displaying relationships supported by the largest proportion of the loci ([@B47]). The trees sampled for each locus by the M[r]{.smallcaps}B[ayes]{.smallcaps} analyses were summarized discarding 50% of each chain as burn-in. CF were estimated using the default *a priori* level of discordance ($\alpha = 1$) and 1000,000 generations. For the diploid taxa pairwise comparisons of single loci phylogenies as well as multilocus phylogenies were carried out using the C[ompare]{.smallcaps}2T[rees]{.smallcaps} tool ([@B59]) and summarized in a heat map.

### Dating of nodes and MSC

Species trees and clade dating were estimated in \*B[east]{.smallcaps}. The analysis was performed on a data set corresponding to all loci except *NUC* (high amount of missing data) consisting of the diploid *Hordeum* individuals plus *D. villosum*, a species nested in a clade with *Triticum* ([@B24]), and *B. distachyon* as primary out-group. Sequences for *B. distachyon* were retrieved by performing a B[lastn]{.smallcaps} search ([@B1]) of our loci on the *B. distachyon* genome database (<http://www.brachypodium.org/>, last accessed June 19, 2015). Priors on the root age (normal distribution; 44.4 Ma ± 3.53) and on the Triticeae crown age (normal distribution; 15.32 Ma ± 0.34) were set as inferred by [@B54]. Monophyly was constrained for the *Hordeum* clade and for the Triticeae clade. The analysis was run using the partitioning scheme and models of sequence evolution identified by P[artition]{.smallcaps}F[inder]{.smallcaps}, the Yule species tree prior, as well as the piecewise linear and constant root population model. As rate constancy was systematically rejected for all loci based on the likelihood-ratio test, as proposed by [@B31], a random local clock model (uniform clock rate; min 0, max 1.0) was used. To speed up the analysis we used a starting tree obtained by NJ of the supermatrix. Three independent analyses were computed for 300 million generations each, sampling the states every 3000 generations. Effective sample size (ESS) and convergence of the analyses were assessed using T[racer]{.smallcaps}. Appropriate burn-ins were estimated from each trace file, discarded and all analyses were combined with L[og]{.smallcaps}C[ombiner]{.smallcaps}. A maximum clade credibility (MCC) tree was summarized with T[ree]{.smallcaps}A[nnotator]{.smallcaps} (part of the B[east]{.smallcaps} package).

### Maximum parsimony

To see if the phylogeny obtained by BI is robust regarding different analysis algorithms, a parsimony analysis (MP) of the supermatrix of diploid taxa was conducted in P[aup\* 4.0]{.smallcaps}b[10]{.smallcaps} ([@B85]) using a heuristic search with 200 random sequence additions and tree bisection and reconnection (TBR) branch swapping, saving all shortest trees. Node support was evaluated by 500 bootstrap resamples with the same settings but without random addition sequences.

### Inference of parental progenitors of polyploids

To infer parental species of polyploids, the supermatrix of the concatenated sequences derived from each individual, including polyploids, was analyzed by BI as previously described. If homoeologues of polyploids fell within clades with diploid species these were interpreted as progenitor taxa. Clades containing polyploid-only sequences were interpreted as indication of extinct lineages ([@B5]; [@B10]). Species relationships were summarized in a schematic tree consisting of a backbone as inferred from the MSC obtained from the diploids, and the polyploids were connected to their closest relative as revealed by the supermatrix analysis.

### Inference of maternal progenitors

BI of chloroplast *mat*K sequences was used to determine the direction of crosses resulting in allopolyploid taxa, that is, to infer the maternal progenitor, by comparing the position of chloroplast haplotypes derived from polyploids with the respective positions of parents in the phylogenetic tree derived from nuclear loci.

R[esults]{.smallcaps}
=====================

Sequencing and Sequence Assembly
--------------------------------

The 454 sequencing of the DNA library combining barcoded PCR amplicons from one chloroplast and 12 nuclear loci ([Table 2](#T2){ref-type="table"}) analyzed for 96 individuals resulted in 1,170,496 sequence reads, of which 999,492 (85%) were assembled to reference sequences, obtained from nine individuals by direct Sanger sequencing (*mat*K) or cloning and Sanger sequencing of PCR amplicons (nuclear loci) of all analyzed loci. The average read length was 472.1 (± 23.8) bp. On average the number of sequence reads per individual (Supplementary Table S1) was high but uneven. As expected, hexaploid individuals generated more reads than tetraploids and diploids (Supplementary Fig. S1). The number of reads per locus and coverage was high for all loci but *TOPO6* and *NUC*. For these two loci only 66% and 77% of the individuals respectively received sufficient sequence reads mapping to the reference. For *TOPO6*, sequences from our previous study ([@B10]) were used to complete the data set. Two loci, namely *TNAC1577* and *TNAC1781*, were sequenced but not further analyzed as they did not appear to be single copy in the diploid individuals and were difficult to assemble because of many homopolymer regions. Two *Hordeum brevisubulatum* individuals (PI229753 and GRA2230/97) were excluded from the analyses because of generally bad quality sequences.

###### 

Loci initially explored in the study and location on barley chromosomes

  Locus name      RAP2 description                                                     Chromosome^a^   No. of reads   Coverage mean ± 1 SD
  --------------- -------------------------------------------------------------------- --------------- -------------- ----------------------
  *TNAC1035*      Kinesin, motor region domain containing protein                      1H              62,836         518 ± 340.0
  *TNAC1142*      Similar to COP9 signalosome complex subunit 5b                       2H (?)          51,409         305 ± 214.4
  *XYL*           Xylose isomerase                                                     2HS             87,926         547 ± 329.8
  *TNAC1364*      Ubiquitin domain containing protein                                  3HL             53,286         334 ± 243.1
  *NUC*           Nucellin                                                             4HL             31,916         260 ± 275.4
  *TNAC1403*      Similar to SAC domain protein 1 (FIG4-like protein AtFIG4)           4HL             151,385        490 ± 334.9
  *TNAC1463*      Proteasome subunit beta type 2                                       4HS             97,610         380 ± 389.5
  *BLZ1*          Barley leucin zipper                                                 5HL             56,064         376 ± 236.8
  *TNAC1610*      Peptidase S16, ATP-dependent protease La family protein              5HL             71,133         374 ± 342.0
  *TOPO6*         Topoisomerase VI subunit B                                           5HL             27,416         226 ± 159.1
  *TNAC1577*^b^   Conserved hypothetical protein                                       5HL (?)         Na             Na
  *TNAC1497*      Similar to Nucleoside diphosphate kinase II, chloroplast precursor   5HS             71,439         502 ± 327.2
  *TNAC1740*      Heat shock protein Hsp70 family protein                              6HL             49,843         297 ± 241.7
  *TNAC1781*^b^   Beta 5 subunit of 20S proteasome                                     7HS (?)         Na             Na
  *mat*K          Maturase K                                                           cp-LSC          179,382        426 ± 284.2
  *ndh*F^b^       Subunit 6 of NADH-dehydrogenase                                      cp-SSC          Na             Na

^a^Chromosome locations were checked by blasting sequences obtained against the barley genome, no significant result was obtained from *TNAC1142*, locations for this locus and the other loci missing were inferred from synteny with rice and wheat. Questionmarks refer to not safely determined positions.

^b^*ndh*F was excluded because of large amount of missing data and *TNAC1577* and *TNAC1781* were not single-copy loci and difficult to sequence (large homopolymer regions).

###### 

Information on individual data sets and setting used in the analyses

  Locus         Alignment length   Parsimony-informative sites   Variable sites   Model of evolution^a^   Clock for \*BEAST
  ------------- ------------------ ----------------------------- ---------------- ----------------------- -------------------
  *TNAC1035*    752 (753)          123 (184)                     147 (250)        HKY+G (1)               RLC
  *TNAC1142*    4408 (4603)        238 (387)                     310 (524)        HKY+G (2)               RLC
  *XYL*         915 (1121)         138 (307)                     199 (448)        HKY+G (1)               RLC
  *TNAC1364*    1631 (1631)        260 (409)                     293 (584)        HKY+G (2)               RLC
  *NUC*         844 (889)          99 (176)                      128 (268)        K80+G                   ^b^
  *TNAC1403*    2094 (2707)        268 (367)                     327 (562)        HKY+G (3)               RLC
  *TNAC1463*    4913 (5163)        519 (993)                     838 (1333)       HKY+G (4)               RLC
  *BLZ1*        1490 (1495)        119 (211)                     249 (412)        HKY+G (1)               RLC
  *TNAC1610*    1647 (1736)        104 (236)                     183 (379)        HKY+G (3)               RLC
  *TOPO6*       1092 (1101)        129 (211)                     164 (303)        HKY+G (1)               RLC
  *TNAC1497*    1256 (2134)        142 (225)                     165 (325)        HKY+G (1)               RLC
  *TNAC1740*    1487 (1509)        207 (309)                     254 (465)        HKY+G (1)               RLC
  *mat*K        2606 (2628)        95 (100)                      203 (210)        HKY+G                   RLC
  Supermatrix   25135 (24996)      2852 (3633)                   4915 (5469)      ^c^                     ^b^

Notes: Values in brackets correspond to alignments including polyploids; RLC, random local clock.

^a^Models used for single locus analyses, in brackets models linked in the \*B[east]{.smallcaps} analysis.

^b^Data set not included in the \*B[east]{.smallcaps} analysis.

^c^Data set consisting of all loci and divided in five partitions.

The alignment lengths for the 13 loci varied between 753 bp and 5189 bp with 210 to 1333 variable sites (average 466) and 100 to 993 parsimony-informative characters (average 316) per locus ([Table 3](#T3){ref-type="table"}). Some species showed \>1000 bp insertions in *TNAC1142* (in *Bromus tectorum* and *Triticum monococcum*) and *TNAC1463* (in *H. murinum* and *H. gussoneanum*). A B[lastn]{.smallcaps} search of these insertions returned only a highly similar match for the *H. murinum* element identified as a partial non-long terminal repeat retrotransposon. Concatenation of the 12 nuclear loci and chloroplast *mat*K in a supermatrix resulted in an alignment of 25,135 bp.

NGS sequences of the *TOPO6* locus, which were included as a control to compare the 454 results with those obtained by traditional Sanger sequencing, were longer than those obtained previously ([@B35]; [@B10]). This was due to high confidence in the bases close to PCR primer binding sites provided by NGS compared to traditional Sanger sequencing, where bases adjacent to sequencing primers were often not reliably recovered. Overall, the similarity between sequences obtained by 454 and cloning plus Sanger sequencing was high (99.81% ± 0.67 pairwise identity).

For most of the nuclear loci, the expected two homoeologous copies for a tetraploid individual and three copies for a hexaploid individual were retrieved. Notable exceptions were for tetraploids *H. capense* and *H. secalinum* (only one of the two copies at *NUC* and *TNAC1142*) and for hexaploid *H. arizonicum* (only two of the three copies at *BLZ1*). All tetraploid and hexaploid *H. murinum* cytotypes possessed only one of the two *XYL* copies. The high sequence coverage obtained allowed us to recover very rare copies (e.g., for *TNAC1610* in *H. capense* BCC2062) occurring with only about 3% of reads mapping to a locus. Two copies, separated by a couple of nucleotides per locus, were systematically observed for diploid *H. pusillum* CN27877 and were analyzed as such for each locus. However, these alleles could not be phased between loci and were then merged into consensuses for the final analysis. No allelic variation among homoeologous copies was recorded besides polyploids *H. bulbosum* and *H. brevisubulatum* for which multiple copies were retrieved and dealt with as described earlier (see Section "Homoeologue identification"). All sequences obtained in this study were submitted to the NCBI nucleotide database (accession numbers KM039139--KM040760).

Phylogenetic Relationships
--------------------------

To arrive at a species-level phylogeny of *Hordeum* we initially analyzed sequences from all loci separately for diploid taxa and then repeated the analysis including the sequences from the polyploid taxa. The corresponding single-locus trees for all individuals are available as Supplementary Materials online (Supplementary Figs. S2--S14). Sequence data for the diploid taxa were analyzed in four ways to overcome inconsistencies due to different evolutionary histories of the analyzed loci. (i) BCA allowed us to evaluate those inconsistencies and to estimate the proportion of loci supporting different topology hypotheses. (ii) All loci were concatenated to obtain a supermatrix that was subjected to BI and MP. Moreover, we (iii) checked for topological stability if loci number was further increased with a BI of a supermatrix of all nuclear loci of our study plus the loci published by [@B64] for a data set reduced to one individual per species. Finally (iv) the MSC of gene trees was inferred to arrive at a species tree based on the individual gene trees.

The BUCK[y]{.smallcaps} CF obtained from the BCA computed on the single locus trees sampled by BI are relatively low confirming a general discrepancy between loci. All species, with the exception of one, appeared monophyletic, usually with a higher CF than groups of species. *Hordeum* *patagonicum*, a diverse species, was paraphyletic, including its sister species *H. pubiflorum* (CF of 0.13) in the primary concordance tree (Supplementary Fig. S15), or monophyletic (CF of 0.04) in an alternative topology.

The BI of the supermatrix ([Fig. 1](#F1){ref-type="fig"}) produced a completely congruent tree topology with the primary concordance tree (Supplementary Fig. S15). Within *Hordeum* all clades were highly supported except for *H. californicum*, which was only moderately supported (0.85 pp). As in the primary concordance tree, *H. patagonicum* was found paraphyletic with *H. pubiflorum* nested within the *H. patagonicum* grade. Within the South American clade, characterized by short internal branches, the nucleotide diversity was too low to resolve all sister relationships. The exclusion of *NUC*, the locus with the most missing data, from the supermatrix had no effect on the topology of the resulting tree. The consensus tree of 98 MP trees derived from the supermatrix (Supplementary Fig. S16) was very similar to the BI tree. Exceptions included the non-monophyly of *H. comosum*, placed on a polytomy within the series *Critesion*, and the paraphyly of *H. brevisubulatum*, with one individual (PI440419) clustering with low support as sister to the two other Asian species. The inclusion of seven additional nuclear loci and six chloroplast loci ([@B64]), although for a data set with only one individual per diploid species, resulted in a highly supported topology (lowest pp 0.94) and confirmed generally the topology obtained with the supermatrix (Supplementary Fig. S17). *Hordeum* *pusillum* clustering as sister to the two sister species *H. intercedens* and *H. euclaston*, and *H. chilense*/*H. flexuosum* forming the sister clade to the one containing *H. pusillum* were the only species differentially affected in the 26-loci analysis.

![Phylogenetic tree derived from the concatenated supermatrix consisting of 13 loci of the diploid *Hordeum* taxa and six out-group species calculated with Bayesian inference. Posterior probability values of the clades are indicated close to the nodes. Infrageneric treatment of the genus and genome denominations (bold letters along branches) in *Hordeum* follow [@B7].](syv035f1){#F1}

The MSC species tree ([Fig. 2](#F2){ref-type="fig"}) resulted in a slightly different topology providing a better resolution for the closely related American species. The main disagreement concerned the three southern Patagonian species (*H. comosum*, *H. patagonicum*, and *H. pubiflorum*) found to be monophyletic and *H. chilense*/*H. flexuosum* as sister clade to the Patagonian clade. A second disagreement occurred with the Asian clade and the relationships within this clade where MSC provided high support (0.95 pp) for the monophyly of the clade but with *H. roshevitzii* outside although without any significant support within the clade (0.45 pp for *H. brevisubulatum* and *H. roshevitzii*). However, the differences are minor and do not influence the recognition of the major clades within *Hordeum*. In all analyses the recently proposed infrageneric taxonomic groups within *Hordeum* ([@B7]) were found to be monophyletic, for the first time with high support values ([Fig. 1](#F1){ref-type="fig"}).

![Calibrated multispecies coalescent of the diploid *Hordeum* species as calculated with \*B[east]{.smallcaps} from all loci excluding *NUC*. Numbers along the branches are posterior probability values/concordance factors of the clades. Ages (in millions of years) were inferred from the crown clade age of *B. distachyon* + Triticeae at 44.4 Ma and from the divergence between *Hordeum* and *Triticum* lineages at 15.32 Ma ([@B54]); calibration points are depicted by asterisks, divergence dates are reported in [Table 4](#T4){ref-type="table"}.](syv035f2){#F2}

Incongruence Among Loci and Between Methods
-------------------------------------------

The gene trees obtained varied substantially among loci. For example, *Hordeum* appeared non-monophyletic in five cases (*TNAC1142*, *TNAC1364*, *TNAC1403*, *TNAC1463*, and *TNAC1497*), and the **I**-genome taxa (section *Stenostachys*) were split in six cases in two clades (*TNAC1035*, *TNAC1142*, *TNAC1403*, *TNAC1463*, *TNAC1497*, and *XYL*). However, the phylogenetic positions of closely related diploid species were mostly conserved among loci while intermediate and larger clades were often disrupted ([Table 4](#T4){ref-type="table"}). Notable exceptions concern the clade of *H. cordobense*/*H. muticum*, present in 25% of the gene trees, and the *H. bogdanii*/*H. roshevitzii* clade, occurring in only 13% of them. Single-locus phylogenies received, in pairwise comparisons, similarity scores ranging from 53.6% to 84.6% (Supplementary Fig. S18). The topology of *TNAC1035* was the most similar (97.1%) to the one obtained from the concatenated data set. The clade of the Patagonian species *H. comosum*, *H. patagonicum*, and *H. pubiflorum*, as inferred by the MSC, was not recovered in any single-locus phylogeny.

###### 

Ages of the clades in the MSC analysis and CF

  Clade                                        (MSC/BI/MP)           Ages Myr (95% HPD)
  -------------------------------------------- --------------------- ---------------------
  *H. erectifolium/stenostachys* (0.98/1/95)   0.43 (0.17,0.68)      0.230 (0.083,0.417)
  *H. erectifolium/pusillum* (0.69/1/93)       0.73 (0.51,0.97)      0.176 (0.000,0.333)
  *H. euclaston/intercedens* (1/1/100)         0.19 (0.09,0. 30)     0.586 (0.417,0.667)
  *H. euclaston/pusillum*^a^                                         0.082 (0.000,0.250)
  *H. erectifolium/intercedens* (1/1/100)      0.87 (0.66,1.09)      0.448 (0.333,0.583)
  *H. pubiflorum/patagonicum* (0.96/1/85)      0.44 (0.23,0.65)      0.127 (0.000,0.250)
  *H. pubiflorum/comosum* (0.94/-/-)           0.69 (0.44,0.95)      0.003
  *H. flexuosum/chilense* (1/1/100)            0.43 (0.17,0.68)      0.596 (0.500,0.667)
  *H. pubiflorum/chilense* (0.82/-/-)          0.97 (0.74,1.23)      0.088 (0.000,0.167)
  *H. muticum/cordobense* (0.99/1/99)          0.82 (0.51,1.14)      0.255 (0.167,0.333)
  *H. pubiflorum/erectifolium* (0.6/1/100)     1.12 (0.92,1.35)      0.134 (0.083,0.167)
  New World I-clade taxa (0.98/1/94)           1.46 (1.22,1.72)      0.186 (0.083,0.250)
  *H. bogdanii/brevisubulatum*^b^(0.45/-/-)                          0.058 (0.000,0.083)
  *H. roshevitzii/*PI440419^c^ (-/-/61)                              0.072 (0.000,0.167)
  *H. bogdanii/roshevitzii*^d^(-/1/100)                              0.131 (0.000,0.250)
  Old World I-clade taxa (0.66/1/94)           0.89 (0.42,1.51)      0.161 (0.083,0.250)
  I clade (1/1/100)                            1.71 (1.38,2.07)      0.176 (0.083,0.333)
  Xa clade (1/1/100                            1.37(0.71,2.06)       0.746 (0.583,0.833)
  I plus Xa clade (1/1/100)                    5.01 (4.01,6.05)      0.220 (0.083,0.333)
  H clade (1/1/100)                            3.74 (2.67,4.80)      0.643 (0.500,0.833)
  H plus Xu clade (1/1/100)                    8.13 (6.96,9.40)      0.373 (0.250,0.500)
  *Hordeum* (1/1/100)                          9.23 (8.07,10.45)     0.919 (0.833,1.000)
  Triticeae                                    14.79 (14.13,15.45)   ^e^
  *B. distachyon/*Triticeae                    56.35 (51.08,61.49)   ^e^

Notes: MSC, multispecies coalescence; BI, Bayesian inference; MP, maximum parsimony; Myr, millions of years; HPD, highest posterior density; CF, concordance factor; CI, credibility interval.

^a^Node present only in the 26 loci supermatrix (Supplementary Fig. S17).

^b^Node present only in the \*B[east]{.smallcaps} analysis ([Fig. 2](#F2){ref-type="fig"}).

^c^Node present in the 13 loci supermatrix MP analysis (Supplementary Fig. S16).

^d^Node present in the 13 loci supermatrix analyses ([Fig. 1](#F1){ref-type="fig"}, Supplementary Fig. S16).

^e^No CF available.

Despite the general discrepancy between loci, the multilocus methods are congruent with the exception of the two clades harboring Asian and the South American species. In the case of the former, the four methods provided three different topologies ([Table 4](#T4){ref-type="table"}). BUCK[y]{.smallcaps} and the supermatrix (13% and 1 pp, respectively) favored *H. brevisubulatum* as sister to the two other species. The MSC topology is supported by only 5.8% of the loci. The MP topology with *H. brevisubulatum* paraphyletic is supported by 8.9% of the loci. For the South American species, and especially the Patagonian clade, only the MSC recovered its monophyly while BUCK[y]{.smallcaps} retrieved it only for 0.3% of the loci ([Table 4](#T4){ref-type="table"}).

Ages of Clades
--------------

Divergence times ([Table 4](#T4){ref-type="table"}) estimated with a random local clock model ([@B21]) and the secondary calibration on the most recent common ancestor between *B. distachyon* and Triticeae and on the Triticeae crown clade in \*B[east]{.smallcaps} resulted in ages with relatively narrow 95% highest probability density (HPD) intervals. The posterior distribution for the age of the root was older than our prior (56.4 Ma, 95% HPD = 51--62), probably due to the fact that sequences from only one *B. distachyon* individual were used. The Triticeae crown clade age (14.8, 95% HPD = 14.1--15.5) fitted to our prior. The most recent common ancestor of *Hordeum* occurred 9.2 Ma (95% HPD = 8.1--10.5), while the split between the **H** and **Xu-**genome groups of subg. *Hordeum* happened 8.1 Ma (95% HPD = 7.0--9.4), and the divergence of **Xa** and **I**-genome lineages within subg. *Hordeastrum* started 5.0 Ma (95% HPD = 4.0--6.1). The colonization of the Americas occurred around 1.5 Ma (95% HPD = 1.2--1.7). The analysis revealed nearly contemporaneous speciation events for three pairs of species in southern South America: *H. pubiflorum* and *H. patagonicum* (0.44 Ma, 95% HPD = 0.23--0.65), *H. erectifolium* and *H. stenostachys* (0.43 Ma, 95% HPD = 0.17--0.68), and *H. chilense* and *H. flexuosum* (0.43 Ma, 95% HPD = 0.17--0.68) indicating a possible common climatic and/or geographic reason.

Inference of Parental Progenitors of Polyploids
-----------------------------------------------

To identify the progenitors of the polyploid species, a nuclear loci supermatrix including the sequences derived from diploid and polyploid taxa was phylogenetically analyzed with BI (Supplementary Fig. S19). The positions of the different homoeologues of polyploids in relation to their closest relatives derived from diploids were used to infer the lineages contributing to polyploids. If sequences from a polyploid lineage grouped within different diploids, this was interpreted as an indication for allopolyploidy, while autopolyploidy was inferred if all sequences of a polyploid were in a clade with a single diploid. Clades consisting solely of polyploid-derived sequences were interpreted as indication of extinct progenitor lineages ([@B5]; [@B35]; [@B10]). The results of this analysis were summarized into a scheme where polyploids were integrated in the modified diploid species tree ([Fig. 3](#F3){ref-type="fig"}). The MSC topology was modified to take into account the incongruences between the different methods and to integrate the inferred extinct lineages. The polyploid relationships could mostly be identified with confidence. The wide genetic variety found in some species probably indicates multiple origins of such polyploids. *Hordeum parodii*, a hexaploid species, as well as *H. tetraploidum*, together with *H. fuegianum* one of its potential tetraploid progenitors , appeared to be polyphyletic involving the two closely related diploid species *H. chilense* and *H. flexuosum*. The partially autopolyploid taxon *H. brevisubulatum*, containing both auto- and allopolyploid individuals ([@B10]), was treated differently. The high diversity of the copies recovered for the different individuals and the difficulty to assign the parental species/individuals across loci made it difficult to create phased haplotypes. Only one tetraploid (PI401387) appeared autopolyploid with gene copies clustering essentially with the species\' diploid cytotypes while sequences of other individuals clustered with species within the Asian *Hordeum* clade (*H. roshevitzii* and *H. bogdanii*). The position of many sequences (for example Bre_PI401376_C at *BLZ1*, Supplementary Fig. S2) retrieved for the polyploid taxa indicates ongoing intergenomic recombination as already suggested by the high proportion of chimerical sequences in cloned *TOPO6* sequences ([@B10]). Sequencing and analysis of the individual H00312 revealed it to be probably mislabeled and it was then excluded from our conclusions (see Section "Discussion").

![Scheme summarizing phylogenetic relationships of species and cytotypes in the genus *Hordeum* based on 12 loci and one chloroplast region. Diploid taxa were drawn directly at the tree obtained from MSC analysis ([Fig. 2](#F2){ref-type="fig"}) modified to reflect differences with BI analysis based on 13 ([Fig. 1](#F1){ref-type="fig"}) and 26 loci (Supplementary Fig. S17) and position of extinct taxa inferred from the BI tree including diploid and polyploids (Supplementary Fig. S19). Tetra- and hexaploids were connected to their inferred progenitors. Double lines indicate autopolyploid origin, dashed lines mark uncertainties and colors refer to the direction of crosses resulting in allopolyploid taxa (blue for paternal, red for maternal parent, black for both observed) based on the chloroplast data (Supplementary Fig. S14). Asterisks indicate incongruent relationships of polyploids recovered by chloroplast sequences ([@B34]) compared to nuclear sequences that probably indicate polyphyletic origins.](syv035f3){#F3}

BI of the chloroplast *mat*K sequences of all individuals (Supplementary Fig. S14) resulted in a poorly resolved phylogeny due to the small number of informative characters, and in an incongruent topology compared to the nuclear loci (see [@B34] for a larger sampling of chloroplast haplotypes). Despite the numerous individuals grouping in the basal polytomy and in single-species clades, chloroplast data identify *H. roshevitzii* as paternal progenitor of all the polyploids it is related to. The polyploid cytotypes of *H. murinum* carry the chloroplast type of their inferred extinct progenitors. The two sister species *H. secalinum* and *H. capense* possess a Eurasian chloroplast. The first one is closer to *H. brevisubulatum* and the latter to *H. marinum*, while their paternal progenitor *H. gussoneanum* possesses a very different type ([@B65]; [@B34]). The American hexaploid *H. arizonicum* falls in a clade with *H. pusillum*, its diploid progenitor. At least three polyploid species (*H. lechleri*, *H. procerum*, and *H. tetraploidum*) were found polyphyletic regarding their chloroplast types, with haplotypes occurring in different clades.

D[iscussion]{.smallcaps}
========================

Combining PCR Amplification with Second-Generation Sequencing
-------------------------------------------------------------

In this study, we took advantage of the long reads of 454 sequencing together with parallel barcoding to sequence one chloroplast and 12 nuclear single-copy loci, distributed among nearly all barley chromosomes, in 96 individuals representing all species and cytotypes of the genus *Hordeum*. In addition we cloned and sequenced these loci in eight diploids and one autotetraploid to serve as references for mapping the reads of the 454-sequenced individuals. To evaluate the capacity of our assembling strategy to recover all true haplotypes, a *de novo*-assembly approach was applied to some individuals. Although successful, this method can be very time consuming and tedious due to the high number of contigs produced and thus was not further used.

The cloned sequences together with previously published sequences ([@B64]; [@B10]) for some of the loci were used as a control to compare the results of traditional Sanger sequencing and NGS. Apart from the lengths of the obtained sequences, due to the high-quality base calls close to the PCR priming sites with NGS, hardly any differences occurred between both sequencing approaches. High-coverage NGS allowed us to recover rare copies that would have otherwise required sequencing of at least an order of magnitude more clones than traditionally used in phylogenetic studies. The amount of chimerical sequences was lower compared to our previous analysis ([@B10]) due to the exclusive use of a proofreading DNA polymerase and could only be seen in the polyploids *H. bulbosum* and *H. brevisubulatum*, for which the sequences were either excluded or merged through consensus formation. The obtained unambiguous sequences allowed us to safely exclude one accession (H00312) because of its peculiar placement. First, described as an Iranian *H. bogdanii* for which the Giemsa-C banding pattern was analyzed ([@B50]), it was then assumed to be a tetraploid *H. brevisubulatum* because of its genome size (own unpublished result). This analysis revealed its close relationship with sequence copies of hexaploid *H. brachyantherum*, a cytotype only known from a very small population in California ([@B43]). Based on our results we now believe that this individual does not represent a true *Hordeum* taxon but was instead either mislabeled or hybridized during *ex situ* propagation ([@B40]), and is therefore removed from our conclusions. Uncertainty regarding the correct resolution of mononucleotide repeats, an error specific for pyrosequencers like the 454-sequencing platform, was minor. This was likely due to the very high sequence coverage (270-fold on average) that we aimed for.

Due to the lack of dedicated bioinformatic tools that separate homoeologues (see [@B61]; [@B72]), we used a method based on a combination of reference-based mapping and *de novo* assembly to disentangle the sequence reads from polyploid individuals. We were able to successfully reconstruct phased haplotypes for all the individuals analyzed by NGS, resulting in the most comprehensive phylogenetic analysis of the genus *Hordeum* to date. For this approach, the long reads of the 454 platform in combination with a relatively high coverage were favorable. The recent progress in NGS, with increasing read lengths and paired-end sequencing of libraries, means that sequencing of long PCR amplicons and reconstructing phased haplotypes is no longer restricted to the long contiguous reads obtained by 454 sequencing, and therefore will become much cheaper.

Allopolyploid species possess merged genomes and thus require special care when sequencing nuclear loci. This is traditionally done by cloning of PCR amplicons and sequencing of a certain number of clones. Moreover, obtaining sufficient resolution in recently diverged species requires many characters, and longer loci might be favorable for reconstructing species trees from gene trees. The required locus length, together with sequencing of many clones per locus, makes molecular phylogenies of even a medium-sized genus with many polyploid species time consuming and expensive. Here we combined traditional methods, that is, amplifying long loci not necessarily designed to fit the NGS platform\'s size optimum, with the capacity of these new sequencing techniques to handle a mixture of sheared and barcoded PCR amplicons, extending the method proposed by [@B25]. Moreover, in certain cases the high throughput of NGS allowed us to overcome what might be the result of PCR drift ([@B92]), where an allelic variant is randomly favored during the PCR, and thus to explore a potentially more complete set of allelic diversity in comparison to a cloning approach.

A major benefit of phylogenetic studies in grasses is the availability of genomic information for *Brachypodium*, rice, sorghum, barley, and many other species. This makes design of PCR primers for a set of nuclear single-copy loci relatively easy. We took advantage of the rice PLUG system ([@B33]) that lists a high number of potentially single-copy loci and their chromosomal position in the rice genome. With rapidly increasing genomic information for many plant taxa ([@B91]) it is expected that similar analyses are already or will soon be possible in taxonomic groups throughout the angiosperms.

Phylogeny of Hordeum
--------------------

The phylogenetic relationships obtained from the set of 12 nuclear single-copy loci and one chloroplast locus ([Fig. 1](#F1){ref-type="fig"}) is in accord with the recently proposed new infrageneric treatment of *Hordeum* ([@B7]). Compared to previous studies of the genus a better resolution was obtained particularly in the MSC analysis ([Fig. 2](#F2){ref-type="fig"}). The main differences appear in the grouping of the recently diverged American species. Thus, we were for the first time able to show the monophyly of the Patagonian diploid species *H. comosum*, *H. patagonicum*, and *H. pubiflorum* using nuclear sequence data, although this relationship was already deduced from the distribution pattern of shared ancient chloroplast haplotypes ([@B38]) and an AFLP-based phylogeny ([@B67]). However, long-term large population sizes and young species ages in this clade resulted in far reaching ILS that impedes phylogenetic analysis ([@B34]) particularly when nuclear loci are analyzed ([@B65], [@B64], [@B10]). Taking into account population genetic processes, as done by MSC, results in more plausible phylogenetic relationships in comparison to single gene and supermatrix analyses. Also the three Central Asian diploids could be confirmed to be monophyletic, with high support values in the supermatrix analyses and in MSC.

The increased resolution resulting from this study allowed us to both confirm and more precisely define the progenitor-derivative relationships of polyploids previously identified ([@B5]; [@B10]). The importance of the Asian diploid *H. roshevitzii*, or a genotype very similar to that of the extant species, in the evolution of the American polyploids is emphasized here, and the *mat*K analysis showed that this species was never a maternal progenitor. [@B34] did not discuss this particular result when analyzing chloroplast relationships in *Hordeum*, but the two studies are completely concordant. An extinct close relative of *H. californicum* was confirmed as a second key lineage ([@B10]) in the evolution of most American polyploids, and chloroplast sequences indicated that this species functioned as the maternal progenitor of polyploids. Additionally, the extinct lineages contributing to polyploids within the *H. murinum* taxon complex ([@B35]; [@B88]; [@B62]) and tetraploid *H. gussoneanum* ([@B10]; [@B13]) could be safely confirmed, as well as the probably extinct Central Asian paternal parent of tetraploid *H. capense* and *H. secalinum* ([@B10]). We assume that at least six now-extinct lineages contributed to the formation of the polyploid taxa in *Hordeum* ([Fig. 3](#F3){ref-type="fig"}). Although it may be impossible to prove that something does not exist ([@B68]), extinct progenitors of allopolyploids have been repeatedly inferred in a wide range of plant genera ([@B74]; [@B30]; [@B49]). Prerequisite for this deduction is the representative sampling of genetic diversity of all possible progenitor taxa. In the case of *Hordeum*, we base our assumption on sequence data of more than 2000 individuals (partly unpublished), which up to now provided no indication for the presence of the deduced progenitor alleles in a population of a diploid *Hordeum* species. In all cases where we inferred extinct lineages, one homoeologous copy was (nearly) identical with an allele of a diploid while the second (extinct) was grouping in a clade different from such diploid-derived copies. Thus, an alternative explanation for differences between one of the homoeologs found in allopolyploids and the respective alleles of extant diploid taxa could be elevated evolutionary rates for a copy that is released from selection or gains new function due to the buffering presence of the homoeologs in the polyploid. However, the probability of observing such a pattern consistently across 12 randomly selected loci we deem rather low. Thus, until we find polyploid homoeologs grouping with diploid-derived alleles for at least some of the loci analyzed, we regard such progenitors as probably extinct.

For the two tetraploid sister species *H. fuegianum* and *H. tetraploidum*, we could identify *H. pubiflorum* as the second progenitor in addition to the *H. roshevitzii*-like taxon. However, the chloroplast sequences of *H. fuegianum* clustered with those of *H. pubiflorum*, while the sequences derived from *H. tetraploidum* were placed in the basal polytomy. This suggests that *H. tetraploidum* either evolved independently or that gene flow and chloroplast capture might still be ongoing for these species ([@B34]). The recurrent formation of polyploids has been extensively demonstrated ([@B84]; [@B83]) partially explaining the high diversity and complexity of polyploid genomes. Based on our analysis, the hexaploid species *H. parodii* seems to be a good example of recurrent formation involving two diploid species, *H. chilense* and *H. flexuosum*, and the tetraploids *H. fuegianum* or *H. tetraploidum*. The *H. brevisubulatum* species complex (di-, tetra-, and hexaploid cytotypes), an obligate outcrossing taxon distributed between Iran and northeastern Siberia, shows signs of recurrent auto- and allopolyploidization involving the entire Asian genepool (including *H. roshevitzii* and *H. bogdanii*) as well as *H. californicum* or its Asian progenitor. To understand the evolution of this very diverse lineage extensive sampling and extended population-based studies would be necessary. It could also be interesting to test the strategy suggested by [@B52] to evaluate potential network topologies for such a particularly complex polyploid taxon.

Our dated phylogeny provided younger and more accurate age estimations within *Hordeum* than previously inferred ([@B6]). However, within the American species group, such ages are surprisingly low taking into account their clear ecological diversification ([@B36]) and that the respective polyploids could only have evolved after the origin of their diploid progenitors. The entire American clade seems to be only about 1.5 Myr old. This rapidly speciating clade ([@B34]) seems to have been shaped at least in part by the repeated glaciations of the Pleistocene (2.6--0.01 Ma). We obtained no fewer than three nearly contemporaneous speciation events (*H. pubiflorum* and *H. patagonicum*, *H. erectifolium* and *H. stenostachys*, and *H. chilense* and *H. flexuosum*) in South America coinciding with the glacial period 0.40--0.50 Ma which seems to have left no major geological evidence in Patagonia ([@B70]). The effects of ice ages on speciation and divergence are complex processes ([@B29]) but have been shown to be of major importance in shaping current biodiversity in general ([@B15]) and specifically in *Hordeum* ([@B37], [@B38], [@B36]).

Incongruence Among Loci and Between Methods
-------------------------------------------

Our analysis showed that even at the scale of a single genus, single nuclear loci exhibit quite different histories. Sister species relationships are generally conserved between loci except when ILS and/or hybridization disrupt the signal. Interestingly, the locus (*TNAC1035*) resulting in a gene tree topology closest to the one from the supermatrix is not the locus with the highest number of parsimony informative sites. The use of different methods of multilocus phylogenetic inference allowed us to test the performance of those methods in the presence of ILS and potential hybridization.

The concatenation approach is known to potentially lead to high support for incorrect species trees compared to coalescent-based approaches ([@B45]; [@B94]). However, it can be used as a null hypothesis for comparison to methods explicitly modeling the biological processes that are resulting in gene tree incongruences. Despite the general discrepancy between loci, relationships within only 2 three-species clades appeared incongruent between methods: the Asian clade and the Patagonian clade ([Figs. 1](#F1){ref-type="fig"} and [2](#F2){ref-type="fig"}). In the former, the pattern observed is most probably due to ILS and hybridization, especially involving the *H. brevisubulatum* species complex. The coalescent model implemented in \*B[east]{.smallcaps} does not take into account gene flow between species ([@B28]), which in turn can potentially disrupt the signal. BUCK[y]{.smallcaps}\'s performance decreases with increasing number of taxa and/or when loci have few informative sites ([@B14]). Thus, we interpret the relatively low CF for the Asian clade and its support in MSC (pp 0.95) as an indication of past hybridization. The Patagonian clade, characterized by far reaching ILS within young species (originating 0.23--0.95 Ma) with long-term large population sizes, seems to be better dealt with by the coalescent approach. Interestingly, increasing the number of loci in the supermatrix (Supplementary Fig. S17) did not recover the monophyly of the Patagonian clade, confirming the superiority of the coalescent approach to summarize conflicting phylogenies in the presence of ILS. More studies analyzing the discrepancy between multilocus phylogenetic inference methods such as [@B95] are necessary to better understand their relative performance in the presence of natural processes leading to incongruence among loci.

C[onclusions]{.smallcaps}
=========================

Our study of the phylogeny of *Hordeum* using second-generation sequencing of PCR amplicons obtained, for the first time, the species phylogeny and progenitor-derivative relationships of all di- and polyploid *Hordeum* taxa within a single analysis. We were also able to provide a time frame for the evolution of the genus. The general shift of paradigm toward multilocus analyses in phylogeny is still limited by the initial selection of enough single-copy loci. The resources available for grasses and especially Triticeae made it possible to use a PCR-based method, which considerably reduced the data complexity. A sequence-capture approach ([@B48]; [@B55]) might result in much more demanding data, as a substantial amount of sequences may be off-target and therefore harder to handle (own unpublished data). We chose the 454 platform for its long reads, but with generally increasing read lengths in NGS, the possibility to sequence the ends of fragments up to $c$.700 bp length in paired-end mode on an Illumina HiSeq (even larger on a MiSeq) might define the maximum distance of two polymorphic sites to be used to correctly phase alleles or homoeologues. Thus, long conserved stretches of DNA, separating more variable parts within a sequenced locus, can prevent phasing until the very long reads of single-molecule sequencing becomes widely available. Finally, it appears necessary to analyze multilocus data using different methods to disentangle biological and methodological biases.

Most of the open questions regarding relationships among di- and polyploid taxa of the genus were solved in this phylogenetic analysis. However, the *H. brevisubulatum* polyploid complex is still puzzling, and its evolution might only be apprehended by extensive population studies throughout the distribution area of the taxon. Also for the hexaploid *H. parodii* and the two closely related tetraploid species pairs *H. fuegianum*/*H. tetraploidum* and *H. capense*/*H. secalinum* some additional attention might be needed regarding their mode of evolution. This must, however, include many more individuals/populations in comparison to this study, whose aim was the overall phylogeny within *Hordeum*.

S[upplementary]{.smallcaps} M[aterial]{.smallcaps}
==================================================

Data available from the Dryad Digital Repository: <http://dx.doi.org/10.5061/dryad.fn2nt>.
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